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ABSTRACT 



The subject of switching mode power supplies was examined. A 
comparison between linear regulators and switching mode power 
supplies was made to show the options available for the various 
types of convertors. Two switching mode power supplies were 
constructed and tested. The operating efficiency of both systems 
was found to be more than eighty percent over the specified input 
voltage and load current conditions. The switching mode power 
supply circuits required additional components in the design due 
to the complex pulse width regulation, pulse amplification, and 
self start circuit required for the system operation. The switching 
mode power supply is an inherent source of radio frequency inter- 
ference, thus the complexity of the problem was examined with 
several methods presented that minimized the RFI of the system. 
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I. INTRODUCTION 



Since the invention of the electron tube there has been a need to 
supply a source of power to operate electronic circuits. As the com- 
plexity of electronic circuits increased, the need for a better reg- 
ulated, higher power output supply was evident. It was in this era 
that vaccum tube regulators were developed. Thyratrons handled the job of 
AC line preregulation with triodes and pentodes used as series regula- 
tors. These power supplies, with a large transformer and a filament 
power supply, were bulky and inefficient. 

Semiconductor components in the 1960 ' s generated requirements for 
better regulation in the equipment in which they were used, and also 
provided the means of accomplishing that regulation at low cost. These 
semiconductor supplies used precision zener diodes and power transistors 
to obtain highly reliable power supplies that represented a quantum leap 
over electron tube technology. In the late 1960's, equipment continued 
to shrink in size and integrated circuit voltage regulators were 
developed that presented a smaller package size and incorporated 
protection circuits on the chip. These linear regulator systems were 
very compact, easy to design and implement. For high power systems a 
great deal of consideration must be given to heat dissipation, either by 
large heat sinks or by cooling fans. 

Switching mode power supplies were an outgrowth of DC to DC electro- 
mechanical systems such as the vibrating reed switch. These switching 

mode power supplies utilizing integrated circuit oscillators and control 
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circuitry were developed in the middle 1970's. This technology pro- 
duced power supplies that were much more efficient than ny other type 
of regulated power supply. 

The first section of this thesis deals with the types of linear 
power supplies; the use of low power on card regulators, and some prac- 
tical power supply circuits used in modern equipment, with efficiency 
calculations . 

The succeeding sections present information on the use of switching 
mode power supplies; the theory of operation; the types of supplies 
used; several designs of practical circuits; and the advantages and dis- 
advantages of the switching mode power supply. 
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II. LINEAR POWER SUPPLIES 



The simplest form of a modern power supply consists of a transformer, 
rectifier, and a filter section. This unregulated power supply suffers 
from three major limitations. Any change in the input line voltage re- 
sults in a similar change of the output voltage. This variation is de- 
fined as line regulation or as static regulation. The second type of 
variation is due to the change of the load resistance or load current. 

This variation is defined as load regulation or dynamic regulation. The 
third variation is a result of a change in the operating temperature. 

The ouput voltage drifts as the components within the power supply 
warm up. This variation is defined as thermal regulation. The drift 
in each component is 'measured as the temperature coefficient in units of 
parts per million per °C. This factor is usually larger in semiconductor 
devices than passive components. 

For many applications any large change in supply voltage is unac- 
ceptable for system operation. Regulated power supplies were developed 
to maximize the line regulation, load regulation and thermal regulation. 
That is to minimize the changes in the output voltage due to these 
variables. 

A. ZENER REGULATORS 

The most basic regulator circuit developed was the Zener diode circuit. 
The diode operates in the avalanche or breakdown region thus the device 
acts as an element whose resistance is inversely proportional to the cur- 
rent flowing through the device. The Zener diode is shunting the load, 
thus a portion of the current flows to the load resistance. 




The I-V characteristics of a typical Zener diode is shown in Fig. i. 
The values of the zener voltage can be from 1.8 volts to several hundred 
volts with a power dissipation of 250 mW up to 50 W or more. 
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To design a zener regulator as in Fig. 2, the characteristics of the 
load resistance must be known. The maximum and minimum load currents 
must be known. 



Max load conditions: 

! L max " ! in ^ 

I z " 0 (2) 

Minimum load conditions: 

*in *z + *L min 

The current limiting resistor, must be selected to limit the 
current in the zener diode. This resistor must provide adequate current 
to the load for minimum input voltages. 



V • 

in mm 



= V. 



I in R CL 



(4) 



The power rating of zener diode is determined by finding the max- 
imum current through the device, during maximum input voltage conditions 
and minimum load conditions, [l] 



l z max = V in max 
R CL 



- I 



L min 



*z max R z 



(5) 



( 6 ) 



Thus for a load that requires 5.1 V at 200 ma, switching from no 
load to full load, and a supply with a 9 VDC ±2 V, the component values 
are then: 
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*L max 


= 200 mA 


(7) 


*L min 


= 0 


(8) 


^in max 


= 11 V 


(9) 


V- 

v in min 


= 7 V 


(10) 


v z 


= 5.1 V 


(ID 


r cl 


^in min "^z 
!in 


(12) 


r cl 


= ((9-2) - 5.1) V 
0.2 A 


(13) 


R 


= 9.5 n 




CL 


*z max 


= (9+2) V q 
9.5 Q 


(14) 




= 1.16 A 




z max 


P z 


= (5.1 V) (1.16 A) 


(15) 


p z 


= 5.9 W 




P R 


= (( 9+ 2) - 5 . 1 ) 2 V 2 
9.5 h 


(16) 


Pr 


= 3.7 W 





Thus for a 200 mA maximum load, a 10 W zener diode is selected. A 
5 W current limit resistor was required. The efficiency for the regula- 
tor under maximum load conditions is given by: 



Where 





R 



CL 



(17) 



( 18 ) 
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n = 1.02 w 

9 V • 0.41 A 



( 19 ) 



n = 1.02 U = 27.6% 

3.69 U 

The dynamic impedance of the Motorola 1N3996R, 5.1 V, 10 W zener 
diode is 0.7 ohms. Then a zener with a current change of 410 mA exhi- 
bits a voltage change of (0.41 A)( 0.7 y) = 287 mV. This load regulation 
is not adequate for many circuits. For worst case conditions (i.e. maximum 
load with minimum input voltage compared to minimum load with maximum in- 
put voltage) results in an output voltage difference of 810 mV. 

For a system whose raw DC voltage varies to a greater extent, the 
system performance is dependent on the worst case input voltage. 



Table I. Operating Conditions and Component Values for 
Typical Zener Regulators. 



Input Voltage 


9 V ± 2 V 


9 V ± 3 


VDC 


Minimum Input Voltage 


7 V 


6 V 




r cl 


9.5 n 


4.5 n 




*z max 


1.16 A 


2.67 A 




R z 


5.9 W 


13.6 U 




n efficiency (max load) 


27.6% 


13% 




Output Regulation 


±405 mV 


±933 mV 




Output Voltage 


5.1 V ± 8% 


5.1 V ± 


18% 



Thus the maximum system performance, and minimum system cost was 
achieved for equipment whose input voltage variations are smaller as 
shown in Table I. 
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For most applications, the zener regulator is unacceptable due to 
the inefficiency of the device, especially with less than the maximum 
load. In low power applications where a stable reference voltage is 
required, the zener is an attractive solution. 

B. TRANSISTOR SHUNT REGULATORS 

The transistor shunt regulator (Fig. 3) operates in much the same 
manner as the zener regulator. The transistor acts as the shunt element; 
the base current is supplied by a zener diode. The output voltage of this 
regulator is the base to emitter junction voltage (0.6 V for silicon tran- 
sistors) plus the zener voltage. The transistor is used due to the larger 
current values and power dissipation of this device. 




The transistor shunt regulator, like the zener regulator, draws a 
total current from the supply that is proportional to the unregulated 
input voltage. The regulating element divides the current between itself 
and the load. For most systems the efficiency of this type of regula- 
tor is unacceptable, however for specialized systems this system may 
prove to be the most cost effective solution. 
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C. SERIES PASS REGULATORS 



The series pass regulator was developed to provide better regulation 
than the other linear regulators in use. The regulator is improved by 
the high gain negative feedback amplifier. Most linear voltage regula- 
tor systems are of this type. Until the development of high-current, 
low forward-drop transistors, usable as high-frequency single-pole 
switches, it was the main and practically the only voltage-regulating 
technique up to power levels of 1,000 W. |Vj 

The series pass regulator is usually comprised of a stable reference 
source, a differential amplifier for gain in the feedback loop, and a 
series pass element, usually a power transistor. (Fig. 4) 




The output is kept at a nearly constant voltage by using the series- 
pass element as a variable resistor. As the input voltage varies, the 
effective resistance changes to minimize any voltage change at the load. 
The transistor base current is supplied by an amplifier. A voltage div- 
ider supplies a fraction of the output voltage to the inverted input 
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of the differential amplifier. The non inverted input is connected to a 
stable reference voltage. The differential amplifier produces a volt- 
age that is proportional to the difference between the reference 
supply and the output sample. This amplified difference must be 
fed to a current gain stage and a DC level shifter to supply the 
base current to the series pass element. This negative feedback loop 
drives the error voltage to nearly zero, thus forcing the sampled out- 
put voltage to be essentially equal to the reference voltage. The feed- 
back gain allows a very accurate output voltage regulation. [ 3 ] 

The series pass element must be selected to handle the maximum 
current of the load. The input current is equal to the current re- 
quired by the load, neglecting a small bias current required for the 
feedback loop and pass element. Thus the series pass regulator is 
more efficient than the shunt regulator under conditions of less than 
maximum load. 

For reliable regulation, the system must be designed with a minimum 
voltage drop across the series element that is in the linear region 
of operation. For typical silicon power transistors, a minimum of 2.0 V 
across the series element is usually adequate. That is, the minimum 
input voltage must be greater than the output voltage plus the 2 volt 
minimum collector to emitter voltage shown in Fig. 5. 
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0.6A 




The series pass regulator efficiency is dependent on the input voltage. 
The maximum efficiency occurs at the minimum input voltage, conversely the 
minimum efficiency occurs at the maximum input voltage. For an input 
voltage of V in with a tolerance of T percent: 



V in ( 1 - 0.01T ) > Y 0(|t + 2 



Minimum Efficiency: 



v out 

v in 



'out 



out 



1 + 0.0lf \(v o „ t + 2) 

1 - 0.01T/ 



= A - 0.01T 
1 + 0.01T 



/V 



out 



m max 

Maximum Efficiency: 
V 



V v 



out 



+ 2 



n = 



out 



V 0 ut 



'in min 



V + 2 
out 



( 20 ) 



( 21 ) 

( 22 ) 



(23) 
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The minimum input voltage is selected such that V. . = V * + 2. 

in min out 

Thus the efficiency is maximum for systems whose input voltage has a 
small tolerance and whose output voltage is large. 

For a system that requires 5.0 V at 200 mA with a raw DC input of 
9 VDC ±2 V, the minimum efficiency is found by solving for Eq. (22). 

A graph of the average efficiency versus output voltage for various in- 
put voltage tolerances is shown in Fig. 6. 




The average efficiency is based on the average input voltage sel- 
ected such that the input voltage at the minimum is two volts greater 
that the output voltage. 

The output voltage variation of the series pass regulator is due 
to the variation of the input voltage, changes in the load current, 
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and thermal drift. The regulation can be calculated once the device 
parameters are known. The regulation was calculated by Eqs. (25) 
through (37) with reference to Fig. 7. 




out 



The parameters to be used are: 

R S p = Dynamic Impedance, slope AV C /AI C of the 

V c -I c curve at the operating point of the 
series pass transistor. 

3 = Current gain of the driver circuit. 

a 

g„ = Transconductance of the differential 

*171 

ampl ifier . 

3 S? = Current gain of the series pass transistor. 
A = Open-loop voltage gain of the feedback 
loop. 

V z = Reference Voltage. 
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For 



and 



Then 



out 



out 



V in R L ./Vout R 2 



- V. 



R. + R 



sp 

R. 



i"\ R L + R sp , 



4 + r 2 



+ V z A 



R L < R sp 



vRj + R 2 



A »1 



/out = v in r L ( r 1 + r 2) (Rl + R 2) 

+ v z 

R sp A R 2 R 2 

'out “ V z (R 1 + R 2 } 



Line regulation is given by: 

4V out _ R l (Rl * R 2 ) 

AVin Rsp A R2 

where 



A = R L^m ^ a S sp 



(25) 

(26) 

(27) 

(28) 

(29) 

(30) 

(31) 



Load regulation is given by: 

^out ~ ^ sense 9m ^ a ^ sp 

where 



sense 



R 1 + R 2 



out 



(32) 

(33) 
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and 



AV 

sense 




(34) 



since 



AI 



out 




AV out 9 m ^sp 



(35) 



rearranging gives 

AV out = R i + R 2 Al out 

(36) 

R 2 9 m $a ^sp 

substituting Eqs. (32) and (34) yields 

fiV out - fh + *2\ *L (37) 

\~7TJ T AW 

The values of and R£ are selected to supply an adequate current to 
the differential amplifier input. The ratio of Rj to R 2 is determined 
by knowing the output voltage and selecting a suitable reference voltage 
source. Zero temperature coefficients for zener diodes can be obtained 
in the voltage ranges from approximately 4.9 V to 5.8 V. Thus to 
minimize the thermal drift of the power supply, a zener diode may be 
selected and reverse biased at the required current to achieve zero 
thermal drift due to the zener reference. This method of selecting the 
zener diode is only appropriate for power supplies whose output voltage 
is greater than this zero coefficient voltage range. (V 2 < V Qut ) j^4j 



24 




For a power supply operated from the AC line, a transformer, recti- 
fier and filter are used to supply an unregulated DC voltage to the 
regulator circuit. (Fig. 8) A transformer is selected with an adequate 
volt’ampere rating. The turns ratio is determined such that for low line 
conditions, the output voltage is at least 2 V greater than the required 
output voltage. The minimum input voltage occurs at the lowest line input, 
at the bottom of the ripple waveform. The minimum output voltage of the 
capacitive filter is due to the line variation, capacitor value and one 
diode drop for fullwave center tapped transformer ( two diode drops for a 
full wave bridge). The voltage drop for typical rectifiers is approxi- 
mately 1 V. 

To find the proper capacitor value we use the equation: 



koad a 
C dt 



(38) 



For a full wave rectifier the filter capacitor must supply the current 
to the load for one half the 60 H z input period minus the conduction 
angle of the rectifiers as shown in Fig. 9. For low ripple values, At 
approaches 8.33 msec. 
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l Load 



AV 



out 



At 



C «. !f£f! (8.33 x I0- 5 ) Farads 

^out 



or 



c = .. Load — (8.33 x 10 3 ) UF 

AV„ 



out 



(39) 




time time 

Figure 9. Output of Fullwave Rectifier And Capacitive Filter 
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The overall power supply efficiency must reflect the losses due 
to the input transformer, the losses in the rectifiers, and the losses 
in the regulator. The efficiency in the 60 Hz transformer, for ratings 
of 1 V A to 100 VA are typically 95% to 99%. The losses in a fullwave 
bridge rectifier was found to be near the assumption of 2 V. Thus the 
power loss in watts is equal to twice the current. The efficiency of 
the regulator has been found to be dependent on the input voltage. 

For a 5 V, 2 A power supply with a 10% ripple on the capacitive 
filter output, operating from the AC line that varies from 90 V to 130 V, 
the overall system efficiency was found to be 39.5% at 115 V line 
voltage. Results are tabulated in Table II. 

Table II. Losses in a Linear Regulator System, 
Experimental Results 



Power Input to System 25.3 W 
Transformer Power Loss 0.5 W 
Rectifier Power Loss 4.1 W 
Regulator Power Loss 10.7 W 

Power Delivered to Load 10.0 W 



Most modern equipment utilize integrated circuit voltage regulators. 
These voltage regulators can be the fixed output voltage type or ex- 
ternally adjustable voltage regulators. These regulators can be used 
for currents of up to three amperes. The devices are packaged in a 
variety of cases inlcuding the T0-3 package, T0-220 plastic package, 
T0-39 metal can, T0-5, T0-99, 8 pin DIP and a flat package. These 
units can be used alone or with an external power transistor for 
increased current capabilities. These devices often include protection 
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circuits such as short-circuit protection, current foldback or current 
limit, thermal protection, and overvoltage protection. [5] 

Integrated circuit voltage regulators allow large systems to be 
powered by a distributed power supply. A large transformer and filter 
section serves the entire system. This raw DC or coarsely regulated 
DC is fed to the various subsections. Each subsection will have an 
integrated voltage regulator on the printed circuit board. Any voltage 
variations or low frequency noise on the power bus is removed by the 
final on-card regulator. 
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III. BASIC SWITCHING MODE POWER SUPPLIES 



A. PRINCIPLES OF OPERATION 

The switching mode power supply (Fig. 10) is basically a chopper cir- 
cuit, a high frequency transformer or inductor, rectifier and an output 
filter network. 

Modern switching mode circuits evolved from primitive DC to DC con- 
vertors. These circuits consisted of a mechanical switch that vibrated 
at audio frequencies. This switch chopped the input current, thus acting 
as a DC to square wave convertor. This square wave output was connected 
to a transformer. The secondary of the transformer was then rectified 
and filtered. These systems were often used as a DC to DC step-up con- 
vertor in battery powered systems such as automobile radios built in the 
1940’s and 50 ’ s . 

Integrated circuit technology has provided an integrated circuit os- 
cillator and switching transistors as a replacement for the vibrating 
reed switch. The switching frequency is most often between 20 KHz and 
50 KHz. Ferrite materials are used for the transformer cores with fast 
recovery Schottky rectifiers used on the secondary of the transformer. 
Switching mode power supplies can be used to operate from the AC line. 
These off-line systems employ a rectifier and filter to convert the 60 Hz 
line frequency to DC. The DC to DC step-down convertor is used to supply 
the required output voltage level. 

Switchers are smaller and lighter in weight than comparable linear 

supplies. The reduced size is due to the use of transformers and 
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inductors at 20 KHz rather than the 60 Hz line frequency. The second 
savings in size is due to smaller heat sinks and the elimination of 
fans (or use of smaller fans) required to cool the system. This re- 
duction is due to the increased efficiency of the switcher. Typical 
efficiencies are on the order of eighty percent. 




switching waveforn 




sense 



Figure 10. Basic Switching Mode Power Supply 



B. ENERGY STORAGE IN INDUCTORS 

One of the most important components in the switching mode power 
supply is the transformer or inductor. For switchers operating in the 
20 KHz to 50 KHz range, the power transformer design and core selection 
are critical for high efficiency and low RFI operation. The transformer 
operates as an energy storage device. The input voltage is applied 
across the primary winding of the transformer when the switching tran- 
sistor saturates. This voltage causes a current to start flowing 
through the primary winding such that: 
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e = L 11 

dt 



( 40 ) 



where e = instantaneous voltage 
L = Inductance in Henries 

This current builds linearly during the period that the transistor is 
saturated. This changing current produces a proportional changing flux: 

Sep 

e=-N^-(10- 8 ) (41) 

where N = turns in the winding 
$ = flux in maxwells 

The changing flux induces a voltage across the windings of the secondary. 

The use of ferrite cores increases the coupling of the windings. The 

core losses are due to hysteresis resulting from the reversal of magnetic 

domains in the core and eddy current losses due to current flowing in 

the core induced by the changing flux. |j>l 

The magnetic flux in any cross section of the magnetic field is 

found from the expression: 

<J> = / B cosa dA in webers (42) 

where a - angle between the direction of flux 
density and the normal at each point 
over the surface. 

In high permeability cores, most of the magnetic flux is confined 
to the core. The flux is distributed nearly uniformly through the cross- 
sectional area of the core. The flux density is calculated by: 
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where 



B = $ 
A 



( 43 ) 



B = flux in density in gauss 
A = the cross section area cm~ 
<p = flux in webers 



0] 



The flux density is limited by the core material. 



B = yH 



B = y 4ti ~ Ni 



(44) 



l 



where y = Permeability of the core 



H = Magnetizing force in oersteds 
i = Instataneous current in amperes 
l = Length of magnetic circuit in cm 



The selection of the core material was based on the minimum core 
losses, heat dissipation, core volume, and cost. The core material 
must have a high permeability for operation at 20 KHz, maintaining a 
smal 1 package size. 

One of the materials used in switcher inductive cores is a metal 
tape wound core. These cores consist of a metal allow tape (iron and 
nickel or silicon alloys) wound in an annular segment around a toroidal 
bobbin. The tape thickness used is % or 1 mil. These cores have a higher 
maximum usable flux density than ceramic ferrite cores. The most 
commonly used core is a ferrite core. The ferrite cores are ceramic 
ferromagnetic mixtures of iron oxide and zinc, nickel or manganese 
oxides. The powdered oxides are shaped and fired in a kiln. The ferrite 
cores exhibit lower losses and less cost than metal tape cores with the 
disadvantage of a slightly larger size. 
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Ferrite cores come in a variety of shapes. The most common 
shapes shown in Fig. 11 have cross sections such as U, E, cup or 
torroi ds . 



U section 





Figure 11. Core Geometry 



The U, E, and cup cores can be stacked to achieve high power trans- 
formers. The E and cup cores come with bobbins making winding easier. 
In this work the core selection was based on core types available 
and the ease of winding. Torroid cores were selected due to ready 
availability and necessity of hand winding the limited number of 
devices constructed. 

Complete design calculations of the inductive elements of a 
switching mode power supply are contained in Section VIII. F. 
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IV. SWITCHING MODE POKER SUPPLY TYPES 



A. FORWARD CONVERTORS 



The forward convertor (Fig. 12) switches current through and inductor 
to the load. The energy storage inductor is in series with the load. 

The supply current is switched through the inductor to the load. The 
magnitude of the supply current, hence the input power, is determined by 
the inductor value and the duration of the switching pulse. The current 
flowing during this pulse charges the filter capacitor, and power is 
delivered to the load. 




To provide line isolation, a transformer must be used between the 
switching transistor and the load. (Fig. 13) 






^in control 




Figure 13. Forward Convertor With Line Isolation 
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The major advantage of the forward convertor is that output ripple 
is minimized due to the inductor being in series with the load. The 
major disadvantages are the larger inductor value needed for a given 
power output, and the added complexity over a flyback convertor when 
isolation is required. jj3j 

B. FLYBACK CONVERTOR 

The flyback convertor (Fig. 14) was so named because the energy 
dumped into the inductive element is discharged to the load during 
the flyback period or rest period of switching transistor. 




Step-up or step-down convertors can easily be designed using fly- 
back convertors by selection of the turns ratio of the transformer. 
Multiple outputs require the addition of a secondary winding, rectifier, 
and filter capacitor for each output. The flyback convertor provides 
line isolation allowing voltage inversion by connection the ground 
lead to either output terminal. [ 9 ] 
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The flyback convertor suffers from output ripple that requires a 
large capacitor to provide adequate filtering. The higher ripple 
voltage is due to the smaller inductance of the secondary side of the 
transformer . 

C. PUSH-PULL CONVERTOR 

The third variation of switchers is the push-pull convertor. The 
circuit (Fig. 15) consists of a center-tapped power transformer. Each 
side of primary winding is switched into the circuit on alternate half 
cycles . 

Push-pull convertors exhibit lower average currents in each side 
of primary winding than the flyback convertors. The peak current values 
are approximately equal however. The average currents in each of the 
switching transistors and rectifiers are half that in comparable con- 
vertors, thus cooling is easier. 




control 




*■ 



control 




Figure 15. Push-Pull Convertor 
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The drive circuit of the push-pull convertor must be designed 
such that both transistors will never overlap in the conduction cycle. 
Any overlap due to finite rise and fall times of the switching transis- 
tor will cause a current surge through the transistors, destroying one 
or both devices. 

One method developed to prevent on-state overlap is to introduce 
a known dead time. This dead time must be a little longer than the 
worst case transistor storage time. Most of control range was re- 
quired for the regulation of the output, leaving less than ten percent 
of the period for the dead time. This factor limits the operating 
frequency of the push-pull circuit. QlOj 

A dynamic delay-sensing circuit has been developed by Ferranti 
Electronics Limited. This circuit consisted of two fast-acting inhibits 
connected to a pulse-steering gate that was connected to the base 
drive circuit. The cross-coupled circuit was connected to a sense 
circuit that detected when the transistors were at cut off. The oppo- 
site transistor base current would not be applied until that condition 
was met. This protective circuit compensated for transistor storage 
delays and allowed safe operation at higher frequencies due to the 
feedback control . [ll] 

Push-pull convertor circuits used are more complex than other 
convertor designs. The added complexity is due to twice as many turns 
required for the transformer, two switching transistors, the drive and 
protection circuit each requires, and two rectifiers for each output 
voltage required. Due to the added complexity and cost disadvantage. 
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plus the lower average currents in the primary side of each switch, push- 
pull convertors are used only for higher power applications. 

The output ripple is significantly reduced due to two switching pulses 
per period. Thus a higher frequency component of ripple and a smaller 
capacitor value is required in the output filter. 
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V. VOLTAGE REGULATION IN SWITCHING MODE POWER SUPPLIES 



There are two basic methods of voltage regulation, with several 
variations within the general types. The regulator must control the 
amount of current dumped into the inductive elements within the convertor. 

A. ON/OFF REGULATION 

The simplest regulation technique operates by gating a fixed pulse 
width whenever the output voltage drops. The period of oscillation is 
dependent on the load current. The minimum period is fixed by an external 
capacitor. This minimum period, or maximum duty cycle, limits the maximum 
load current. 

The Fairchild pA78S40 Universal Switching Regulator Subsystem consists 
of an oscillator and a comparator, connected to an AND gate that is connected 
to an RS flip-flop. The noninverting comparator input is connected to the 
on-chip reference source. The inverting input is connected to a resistive 
voltage divider that senses the output voltage. When the output voltage 
drops, the comparator output goes high, gating the oscillator square wave 
to the flip-flop thus providing a base current and switching current through 
the inductive element. The oscillator is blocked when the output voltage 
increases. [ 12 J 

The on/off regulator operation requires a large filter section to 
attenuate the ripple voltage. The ripple increases when the load is re- 
duced to less than maximum because the system is operating at a reduced 
frequency. 
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3. PULSE WIDTH MODULATION REGULATION 



Pulse width modulation regulators operate by increasing the pulse 
width when the output voltage drops. The Signetics NE5560 switched 
mode power supply control circuit, SG3524 regulating pulse width 
modulator and several other devices utilize a pulse width regulation 
technique. 

The NE5560 circuit (Fig 16) consists of a sawtooth oscillator, 
pulse width modulator, RS latch, and an internal reference source. The 
output of the sawtooth generator is internally connected to the nonin- 
verting input of the pulse width modulator. The feedback sense voltage 
and reference voltage are connected to an operational amplifier. 

When the output voltage of the convertor drops below the desired level, 
the output of the error amplifier is inversely proportional to the out- 
put voltage. This error amplifier is internally connected to an in- 
verting input of the pulse width modulator comparator. When the error 
voltage is maximum, the input to the modulator is minimum thus the 
sawtooth waveform is greater in magnitude than the error level for 
a longer period of time, producing a rectangular waveform whose duty 
cycle is proportional to the error voltage. When the error voltage 
decreases, the duty cycle decreases as shown in Fig. 17. 
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Figure 16. Basic Pulse Width Modulation Circuit Block Diagram 
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Figure 17. Pulse Width Modulation Waveforms 

The NE5560 circuit incorporates additional control and protection 
circuits that limit the maximum duty cycle. The maximum duty cycle is 
selected by the designer and implemented with two external resistors. 13 
The pulse width modulation technique is used in the majority of 
regulator control circuits. It produces an output that is at a constant 
fundamental frequency, thus ripple filtering is easier to accomplish than 
the on/off regulator. The disadvantage of the pulse width modulation 
circuits is the additional complexity. Fortunately the complexity is 
contained within the integrated circuit. The design steps are similar 
for each type of regulation system. 

C. PSUEDO REGULATION FOR MULTIPLE OUTPUT SUPPLIES 

There are two methods of regulation developed for multiple output 
power supplies. One method is to operate as two or more independent 
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convertors, each with its own control circuits. Each output is fully 
regulated and fault protected. This system achieves regulation specifi- 
cations comparable to that of single output systems. Ripple is reduced 
by using pulse synchronization of all oscillators. All of the control 
circuits produce a pulse at the same time, the duration of each pulse 
being dependent on the load for that output. 

The disadvantage of this regulation technique is an increase in 
the parts count, by a factor of two for a convertor with two output 
vol tages . 

A simpler form of multiple output regulation is a technique called 
pseudo regulation. In this system one control circuit is used /nth a 
feedback loop from one of the output voltages. For a second output 
voltage an additional secondary winding is added to the power transform- 
er with the number of turns dependent on the desired output voltage. 

A rectifier and filter capacitor is used for each output as shown in 
Fig. 18. 




+ 
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Figure 18. Multiple Output Regulator 
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The major advantage in pseudo regulation is the ease of adding 
additional outputs by adding only two components and an additional 
secondary winding. The cost of multiple output supplies are minimized 
The limiting factor in this regulation technique is the poor load 
regulation. If the load currents of each output change by the same 
percentage, the regulation is acceptable, however when only one load 
current is changed the regulation degrades causing a change in voltage 
of up to 30%. The line regulation of the technique equals that of a 
single output supply. In systems where the regulation on the addition 
ouputs is not critical or where the load changes by small amounts or 
at the same time, this technique may be acceptable. 

In power supply systems that have a low power secondary output, a 
linear series pass voltage regulator as in Fig. 19 may be used to 
improve regulaiton with an addition of one component at the expense 
of a decrease in efficiency. 




Figure 19. Multiple Output with Linear Regulator 
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VI. BASIC SWITCHER DESIGNS 



Switching mode power supplies can be configured to obtain a voltage 
that is greater than, less than, or of opposite polarity than the input 
voltage. These output levels can be obtained by using a flyback con- 
vertor with a transformer, setting the output voltage by the turns ratio 
and making the ground connection to the output to achieve a voltage 
inversion or noninversion as in Fig. 20. 
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Figure 20. Flyback Outputs (a)Noninverting, (b)Inverting 



For forward convertors, the output level depends on the placement 
of the inductor and free wheeling diode. 



A. STEP-DOWN CONVERTORS 

The step-down convertor (Fig. 21) is the most common circuit used. 
The convertor provides a low voltage output to the load. 
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Figure 21. Step-Down Convertor 

When the transistor switches on, the voltage of point A rises to 
the supply voltage minus the transistor saturation voltage. The 
supply current flows into the inductor, charging the capacitor and 
supplying a current I out to the load. The current through the inductor 
increases linearly during the on period. The voltage drop across 
the inductor is equal to the voltage at point A, less the output vol- 
tage. When the transistor opens, the current through the transistor 
stops. The current through the inductor continues to flow, linearly 
decreasing, pulling point A below ground by one diode drop, with the 
diode conduction. The duty cycle of the circuit is adjusted via feed- 
back, to provide the required output voltage. The average current 
through the inductor is equal to the load current (Fig. 22a). The 
supply current is a linearly increasing function during the time the 
transistor is on and zero when the transistor is off (Fig. 22b). The 
average current from the supply is dependent on the duty cycle. The 
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inductor used must be sufficiently large to provide a load current 
during the off time. A larger value inductor reduces the peak currents 
at the end of the one time. 

The freewheeling diode conducts during the off time. The diode 
limits the potential across the inductor, providing a current path 
for the inductor. The capacitor filters the output voltage reducing 
the ripple component. 





(b) 

Figure 22. Current Waveforms of the Step-down Convertor 

(a) Inductor Current 

(b) Current through the Switching Transistor 
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B. STEP-UP CONVERTOR 



The step-up convertor (Fig. 23) operates with the inductor in series 
with the supply. The transistor is connected from the inductor to 
ground. 




'out 



Figure 23. Step-up Convertor 



The transistor is turned on, the voltage at point B goes to V ce sat 
above ground. The supply current begins flowing, increasing linearly 
(Fig. 27). When the transistor turns off, the voltage at point B rises, 
forward biasing the diode charging the capacitor and furnishing current 
to the load. The current in the inductor continues to flow, linearly 
decreasing. Current is drawn from the supply during the entire period. 
The voltage of point B rises to one diode drop above the output voltage. 
The transistor must turn on again prior to the current in the inductor 
decreasing to zero. The inductor value must be selected to supply 
current during the off-perjod. 




Figure 24. Current Waveforms of the Step-Up Convertor 
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These high efficiency step-up convertors are used in many battery 
powered systems and in systems that require a higher voltage than the 
system DC bus. These convertors are very compact and simple to utilize 



C. INVERTING CONVERTOR 

The function of the inverting convertor (Fig. 25) design is to 
supply a voltage that is of the opposite polarity of the source. The 
magnitude of the output voltage can be greater than or less than the 
input voltage. 




Figure 25. Inverting Convertor 

The convertor operates by causing a current to begin flowing in the 
inductor, increasing linearly when the transistor switch closes. The 
voltage of point A is V ce sat less than the supply voltage. When the 
transistor switch opens, the current in the inductor continues to flow, 
decreasing linearly. The voltage of point A drops to one diode drop 
below the output voltage, (point A being more negative then the output) 
The diode is forward biased, with a current flowing through it and the 
inductor. The output capacitor filters the output ripple. The average 
inductor current is equal to the sum of the load current and the supply 



current. 



48 



The inverting convertor system is a practical subsystem in complex 
equipment that requires a negative voltage for system operation. The 
compact size allows the invertor to be used as an on card convertor. 
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VII. DESIGN OF A MULTIPLE OUTPUT ON/CFF REGULATOR 



A. DESIGN SPECIFICATIONS 

The object was to replace a linear voltage regulator used in an 
instrument comprised of digital and analog circuits. The existing linear 
regulator suffered from excessive heat buildup, thus requiring an exten- 
heat sink and fan for cooling. The heat buildup of the test set degraded 
the system performance in prolonged use. The choices in the design were 
to increase the package size to provide adequate cooling and thermal 
isolation, or to design a high efficiency switching power supply that 
would fit into the restricted volume within the package. The high 
efficiency switcher would operate cooler thus alleviating the thermal 
probl ems . 

Table III. Power Supply Specifications 

Outputs : 

+5 VDC 2.0 A 10 W 

+12 VDC 0.5 A 6 W 

-12 VDC 0.5 A 6 W 

Total Output Power 22 W 

AC input: 115 VAC or 230 VAC, 50 to 60 Hz 

v Line Variation ± 10 % 

Output Ripple: ± 50 rcV p _ p 

Regulation: ± 5 % for the ±12 V outputs 
± 1 % for the ± 5 V output 

The existing linear system (Fig. 26) used a 50-60 Hz step down trans- 
former with two primary windings and three secondary windings. 
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To simplify design and minimize cost it was decided to utilize a 
step-down transformer, replacing the linear series pass regulators 
with step-down switching regulators. The system required load regulation 
on each output, thus three regulators would be required (Fig. 27). 

The input step-down transformer selected was a dual primary, dual 
secondary unit. A 25 VA transformer was used, a smaller transformer 
than the linear supply required. The Fairchild pA78S40 Universal 
Switching Regulator Subsystem integrated circuit was selected because 
it incorporated a switching transistor capable of 1.5 A and an internal 
diode rated at 1.9 A thus minimizing external components in the low 
current supplies. The transformer was selected to have an output volt- 
age of 16 Vrms. The secondary voltage selected must be high enough 
to be greater than the output voltage by approximately two volts, 
during low line voltage conditions. The high voltage condition was 
limited by the maximum IC supply voltage cf 40 V. 
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Two secondary output were required for the power supply. The 
inversion circuit was not used because it would have required an ex- 
ternal transistor and diode. Both secondaries of the transformer were 
used, each with a full wave bridge and filter capacitor. The second 
winding was connected to the step-down convertor to orovide -12 V. 

The most positive output of this step-down convertor was connected to 
the output ground; the most negative output provided -12 VDC. This 
was accomplished due to the isolation between the secondary windings. 

B. INTEGRATED CIRCUIT OPERATION 

The +5 V, 2A convertor required the use of an external transistor 
to switch the higher peak currents. One version of this supply was 
built and tested using three yA78S40 circuits operating in parallel. 
Figure 28 illustrates parallel operation of two circuits. The oscillator 
required a timing capacitor that was three times the nominal value. 
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The auxiliary operational amplifier was used as a comparator, connected 
to each of the main comparators, causing each circuit to regulate and 
and generate switching pulses at the same time. On a cost basis this 
configuration was rejected in favor of one regulator circuit with a 
transistor. If the integrated circuit cost decreases for the yA78S40 
due to large production runs, using multiple regulators in parallel may 
become cost effective. 




+v out 
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Figure 28. Parallel Operation of the pA78S40 
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The ±12 V circuits were constructed with the on-chip diode connect- 
ed. The diode was rated at 1.0 ampere, however above a current output 
of 350 miniamperes, the integrated circuit heated excessively. The 
heating caused a loss of accurate regulation. This thermal drift 
was corrected by connecting an external freewheeling diode. This re- 
lieved the thermal load from the integrated circuit. The typical vol- 
tage drop across the diode was specified at 1.25 to 1.5 volts. With 
an average current of 350 milliamperes, this resulted in a power 
dissipation of 437.5 to 525 milliwatts for the test conditions. The 
output transistor saturation voltage of 1.1 to 1.3 volts was also a 
prime source of heat. 

The diode used was a fast recovery Schottky diode, Varo type 
VSK 530; rated at 5 amperes continuous with a peak inverse voltage 
of 30 V. The low voltage supply consisted of seven external components, 
for each section. The only external semiconductors used were the fast 
recovery diodes and one transistor. Two resistors were used in the 
feedback loop, connected as a voltage divider. The sense voltage is 
connected to pin 10, (the inverting input of the comparator). A 
timing capacitor was selected for a nominal frequency of 20 KH Z under 
full load (0.02 yF). The output filter capacitors (electrolytic 
1000 yF, 15 VDC for the ±12 V outputs; 2200 yF, 6.3 VDC for the 5 V 
output) were selected to keep the output ripple within specifications. 
The final external component used was the short circuit sense resis- 
tor. This resistor sets the limit of the peak current. The integrated 
circuit measures the voltage drop acorss this resistor. The circuit 
current limits when the voltage across this resistor reaches 250 to 
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350 millivolts, limiting the peak current through the circuit. A 
resistor value of 0.25f> was selected to limit the peak current to 
approximately 1.0 ampere on the ±12 V supply. 

C. INDUCTOR SELECTION AMD DESIGN 

For the step-down convertor, the value of the inductor must be 
selected to be at least equal to: 



An inductor value of 1 mH was selected to reduce the peak currents 
and to allow for any tolerances in the timing capacitor, diode 
drop, or inductor. The inductor must handle an average current equal v 
to the output current. This limits the wire size of the inductor used. 




(45) 



where: 



= voltage drop across the diode 
I pea k = Peak current - twice output current 
= off time, set by timing capacitor 



and 





(46) 



45 x 10" 5 



For the design specifications of the power supply: 



t off = 44 ysec 




(47) 

(48) 



thus the inductor must be at least 



L = 572 pH 



(49) 
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A safe value of 500 circular mils per ampere will insure a re- 
liable inductor with minimal heat rise. For a 500 milliampere 
output, this required at least # 26 AWG. A toriod inductor of 1 mH 
was easily constructed. The device has a diameter of 1.20 inches 
and a height of 0.375 inches, the size being reasonable for this 
circuit. 

D. ALTERNATE CIRCUIT IMPLEMENTATION 

The power supply operation was satisfactory, meeting the design 
specifications. The only problem that existed was a single source 
supplier and long delivery times for the Fairchild yA78S40 integrated 
circuit. There existed no pin for pin replacement for this device. 
Therefore an alternate power supply circuit was designed around an 
available regulator chip. The 1524/2524/3524 family of Regulating Pulse 
Width Modulators, manufactured by Signetics, Silicon General and Nation- 
al Semiconductor with a similar device MC3420 by Motorola, was selected. 
The Motorola MC3420 was not pin for pin compatible however the circuit 
operation and general specification were similar. The Signetics SG3524 
was used in the circuit. 

The SG3524 circuit operated by using a fixed running frequency, reg- 
ulating by varying the pulse width. The circuit (Fig. 29) consisted of 
dual output transistor with the option of a push-pull convertor. This 
option was not exercised in the interest of circuit simplicity. The 
output transistors were rated at a maximum current of 100 mA each. Thus 
external switching transistors were required for each of the circuits. [17 
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Figure 29. SG3524 Convertor Block Diagram 



The circuit required an R-C phase compensation network from pin 9 
to ground (0.1 yF capacitor and a 11 Kfl resistor in series) for loop 
stability. 
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The circuit (Fig. 30) met the design specification. The output ripple 
was less than that of the qA78S40 circuit. The advantage of the SG3524 
circuit was the set operating frequency. Under conditions of no load 
or partial load, the frequency did not change. This condition made it 
easier to filter the output ripple and contain the RFI. This circuit is 
promising for audio circuits due to the operating frequency always being 
above the audio frange, minimizing interference. 
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VIII. DESIGN OF A 35 WATT, 5 VOLT DC TO DC CONVERTOR 



A. DESIGN SPECIFICATIONS 

The design requirements were to design a DC to DC convertor with the 
specifications shown in Table IV. 



Table IV. 35 Watt DC/DC Convertor Design Specifications. 

Input: 48 VDC, positive ground 

operating range 42 V to 56 V 
maximum input current 2 ampere 

Output: 5.2 VDC negative ground 

Variable from 4.8 to 5.2 V 
(preset) 

7 Amps full load 
regulation ±1% (52 millivolts) 
no load to full load 
ripple ±1% (52 millivolts) 

Physical Dimensions: 

4%" W x 8h" L x 1" H, with 
fingers for a 24/48 card 
connector 

Temperature Range: -10°C to +50°C with no change 

in performance 



Protection Circuits: 

Overcurrent (short-circuit) 
protection . 

Overvoltage protection. 



This circuit presented several requirements that complicated the de- 
sign. The invertered polarity input, high input voltage, relatively high 
current output, and physical dimensions presented the most difficult 
criteria . 
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B. DESIGN IMPLEMENTATION 



The circuit was designed as a pulse width modulated flyback circuit 
with the Signetics NE5560 Switched-Mode Power Supply Control Circuit used 
as the control element. The NE5560 (Fig. 31) incorporated several 
functions that gave it a great deal of flexibility. The circuit included 
a soft-start feature that causes the output voltage to increase slowly 
when first turned on, eliminating voltage overshoot and limiting the surge 
current. The circuit also inludes a current limit sense that protects 
the system in event of an overload or short circuit condition. An over- 
voltage circuit protects the system, shutting down the circuit when the 
output voltage rises above a Dreset limit. A remote on/of-f feature 
allows a TTL control signal to power up or turn off the circuit. This 
would allow flexibility of designing CPU power supplies that could con- 
serve power by turning on the power to an auxiliary device only when the 
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The integrated circuit maximum input supply voltage is 18 V. This 
limit required the use of an efficient method of supplying a voltage for 
the integrated circuit and driver circuit. 

The flyback convertor configuration was selected due to the smaller 
inductor value required and tne smaller surge current in the input side 
of the system during turn on. 




Figure 32. 35 W DC to DC Convertor, Block Diagram 



C. STARTER CIRCUIT OPERATION 

Figure 32 shows a block diagram of the convertor. To minimize 
regulation drift, circuit complexity, and to maximize loop stability, 
the regulator circuit was placed on the output side of the circuit. A 
simple resistive voltage divider was all that was required in the feedback 
loop. A capacitor was used for phase compensation. The chip and driver 
voltage were provided by an additional winding on the power transformer, 
once the system v/as operating. The problem was to provide a voltage 
to start the circuit. This voltage had to be inverted in polarity from 
the -43 V input (positive ground). The 48 V potential was too great 
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for most integrated circutis. To solve this problem a starter circuit 
was built that consisted of a 555 astable multivibrator and a high fre- 
quency transformer. The 555 was designed to operate at a forty percent 
duty cycle, connected to a transformer with a DC blocking capacitor. The 
555 chopper operated at 20 KHz. The 200 milliampere output of the 555 
was supplied from the-48 V line with a series dropping resistor and a 
transistor switch. When the system v/as first turned on, the 555 chopper 
produced a +11.5 volt output that powered the NE5560 and driver stage. 

This circuit drove the transistor switching circuit. When the main 
circuit came on-line, the 5 volt output was available. When the circuit 
was operating, a capacitor was slowly charged with a long RC time constant. 
The charging began when the magnetic flux had built up in the power trans- 
former . The capacitor continued charging until a zener diode turned off 
the transistor switch connected to the 555. The 555 then ceased to operate, 
the system continued to operate because of the +12 V winding on the power 
transformer that provided the voltage for the regulator/driver . 

The starter circuit was inefficient, wasting power in dropping re- 
sistor (36 volts at 200 milliamperes) however the starter operated for 
only three to fifteen seconds each time the device was turned on. 
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As shown in Fig. 33, the zener diode 1?I4744A (15 V) provided a snap- 
off for the starter, letting the capacitor charge to 15 V before the diode 
avalanched. This snap action switched the 555 off by saturating the 
2N3704 transistor, turning off the 2N657 transistor. This quick switching 
kept the transistors out of the active region. If the transistors were 
to remain in the active region, the circuit would have gone into an un- 
stable mode, as follows: the starter 'would have run (producing +12 V); 

the regulator chip would have begun running and the output would have 
started increasing. The power transistor switching would cause the tran- 
sistor in the starter circuit to become active, decreasing the 555 current 
and decreasing the +12 V regulator supply. The oscillation would continue 
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at a rate of approximately 1 cycle per second with the output voltage 
of 0.4 to 1.2V. The oscillation would cause the transistor switch 2.N657 
(T0-5) to heat up, destroying the transistor. This unstable mode was 
dependent on the load resistance and input voltage. The instability 
was most severe in the worst case conditions, low voltage (-42 V) in- 
put and maximum load (7 ampere) current. The addition of the 1N4744A 
zener diode prevented the start-up oscillation under those worst case 
conditions . 

D. PO'fER TRANSISTOR SELECTION 

The most critical component of the switching mode power supply was 
the switching transistor. The higher the input voltage, the more criti- 
cal this component became. The transistor had to have an adequate V ce0 
rating to avoid breakdown during the turn off of the inductor current. 

At a 48 V input, the maximum collector to emitter voltage measured was 
150 volts. 

The current rating of the transistor had to be greater than the 
peak current of the inductor. The peak current was approximately twice 
the average current or approximately 4 amperes. The rise and fall times 
of the transistor are important for efficient operation while the thermal 
resistance of the device is important in high power output. The thermal 
resistance was not a factor in the selection of the power transistor 
for this application. 

The transistor selected was the General Electric NPN Power Switching 
transistor H64VE3. This transistor provided up to a two percent increase 
in efficiency over other TO-3 switching transistors. 
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The base drive of the switching transistor was provided by a driver 
transistor and a pulse transformer. To insure transistor saturation, a 
base current of 400 milliamps was selected. [ 20 ] 

E. TRANSISTOR PROTECTION CIRCUIT 

In Fig. 34, the current built linearly when the transistor switched 
current through an inductive load. When the transistor switch was opened, 
the current in the inductor continued to flow, decreasing linearly. This 
caused the voltage at the emitter to drop. 




Figure 34. Transistor Circuit, No Protection 
Against Breakdown 
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The transistor would have broken down without some provision to limit 
the voltage drop. The solution was to dump charge into the emitter by 
discharging a capacitor. In Fig. 35, C5 limited the potential across 
the transformer. When the transistor was switched on, the capacitor was 
discharged. When the transistor opened, the potential of the emitter 
dropped, was charged through D^. When the transistor saturated, 
discharged through and l_j. 




Figure 36. Alternative Transistor Protection Circuit 



The inductor stored energy, dumping current back into the supply. The 
protective circuit in Fig. 36 operated in the same basic manner. The 
snubber resistor dissipated the power during the on/off transient. This 
element resulted in an average power loss of 1 W, decreasing the overall 
efficiency of the system. The inductive protective circuit transfers 
and stores energy, with very little power dissipation. Diode is a 
general purpose silicon diode. 
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F. POWER TRANSFORMER DESIGN 



The power transformer must be chosen to have a large enough induc- 
tance to store the required energy during the on period, and be able to 
supply the required load current without the windings overheating causing 
excessive losses. 

The inductance of the transformer primary winding was calculated 
from the switching current waveform shown in Fig. 37. 




Figure 37. Current in the Transformer Primary 



v = L 



di 
d t 



AI l = ^in_ 






(50) 

(51) 



where: 

V.j n = source voltage 
L w = inductance in H 
t - on time 

T = period 

I = peak current in inductor 
P 

AI L = current increase during switching 

Ij = initial current 

I = average current from source 

5 = duty cycl e tf T 
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(52) 



>1* + - lave, T 



Substituting Eq. (51) into (52) 

= I T 



V 

+ in 



J 1 + 



2L 0 



V in 

ft: 



avg 



'av 3 I 



I = AI. + I, 

P L 1 

Rearranging Eq. (55) 

I = 1 - AI. 

1 p L 

Substituting Eq. (56) into Eq. (54) and simplifing 
I = T V 



avg - + 



'in 



t 2L» 



For 1^ = 0, then 
V 



217 4 = Iav 9 J 



Solving for Lo , 



L 0 = in 



V,-. t 



2 W 



Then 



l P = ! avg j + 2I avgI 



1 = 3 I. ,,_T 

P av 9? 



For the supply: 



V. = 48 V 
l n 



Input power is 



p in = I p 0 ut 

n 

in 0.80 (35 W) 



(53) 

(54) 

(55) 

(56) 

(57) 

(58) 

(59) 

(60) 
(61) 

(62) 

(63) 
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